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Compression tests wore made on six 246-T ahamhun elloy OurVed
shoebsttinger panels 12 kohes In lo~%h md ~ Inches in width,
reinforced ~ six 200 stringers qmcod 4 inohes between cmterso
50 panels M two radti of ourmture, 76.5 inches and 2505 Inohes,
md threo sheet thicknesses, 0,0~, 0-100, an~ 0.189 inch ~.e pmels
vero of the acme dosim m SIX of tho pmmls of reforenoe 1 except
for an horeaee in developed width frm 1.6inches to 24 inohosa

me increase In developed width had no slgnifioant effect on
the strain for buckllrigof slmet bctwoen -strincors, the strain for
buokli~ of sheet between
or the stress at fm.ilure:
for BttcHing of the pr?nel

rivets, tho lord carried por sheet IMY,
howover, it did reduce the crlticezlstrnin
as a ~le between odgo guides.

I17!EROWCTIOII

Conparlson of tho results of teste of ourmd pmml.s having
three shech bays with the rmmlts of tostm of ourved pnnols having
only one sheet bay (reforence 1) shows that an increase in buclding
lend of as nuoh S.S100 pemont nay result fron tho incrmse frqn one
to three in the nunbor of &oet Ixqv3mea In the test pene10 me
present report is intended to cnswer the ~estlon of whether or not
a further inorease to five sheet beys muld cause any further incrsaso
in budcling load and nlso to show iheti!%eror not thero is a corres-
ponding effect of the mmber of sheet bays on buckling between rivets,
effeotive widt~ and strength.

. . . . . . .
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We panels

erenoe 1 exoept
24 imhea.

XAab Am MO,4Jm

wero of me Isaaedesun aa dx of the panels of ref-
for m inoroase in develqpw!l width fron 16 inohoe to

5s investigation, mndwt od Et the Hational Wreau of Stand-
ardO, me sponsored by. and mnducte& with finzumlal msi ntance fron,
tho National Adtisory Comittee for bromtics~

APPuA!m Am TEsTs

Pnnels. - Tho dimnsiom of tlm panels em gimm in t~ble 1
an~ in figure 10 The etriwcm, the sheet, and the rivets woro 24-8-T
aluninun alloy. !Bm stringers woro nonindly of the saae dlnaxdons

“ for all the pcmols. Aotually their oroe-sectional. man varied be
tweou O.1~ !md 0.199 swci inolb

me thickness of tbo &eot in tho panels was taken m the avm
age of 10 racdingn. The varimtiou of shoot thickness in a given
pnnol did not exoeed 0~0008 inch kc area of the panel was deter-
nlned fmm the wowqt, d~.slty, and 1mgth oftor correcting tko weight
for the weight of the rivet hinds. S4s area ngmod witL the =ea
obtained fron oross-sectional dlnenelms within 1/2 peroent~

PRXIOIS 1, q 3, 4, 5, and 6 .hc.dnoninelly the sme~ shoot Wflob
nem, strinc:erepaoing, rivet speoing, and curvature as panel9 1, 3,
13, 15, lg, md 20, rospeotivaly, of ref3rence 1S

Mcchmlcal properties of natarhl. . S!cet imd stringer na.tqrlnl
was tho eerieMI that used for th~ pamls of reforeme 1.

Meo&udml properties of tho s!heetnatorkl aro giv& in table
2 and tensile and coqmossivo stress-stmin ourvos me @van in figure
2. Mguro 3 gives tho fmll.y A of conprossiva stress-strain ourvoe
for all string=s Pad tho noniml stress-strmin ourvo B used in eon=
putetims for d.1 panels,

Preparation of pmela. - The shoct was rolled to a radius ap-
proxiaatlng the desired mdlus of ourvnture cad the pmela ware fabri-
cated to nominal dinansions by the Naval Aircraft kctory in ?hilP.
delphiao

me panels were prepared for test by cla@nG
ing JiC having tho corroct radius of ourmture and
flat and pamlld.
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- tire stmln gages were attaohed to the strlngsrs wlthlhzoo
ommnt md the osmsnt wae allowed to dry 1 to 2 days.

MYolltlng panels in te8ting machine. - The tests were”made in a
- ~3000000-poumd horizontal Memy teeting maohlne (fig. 4). The panel
and its supporting ~lg were euspauded from the top sorew of the test-
ing maahtie with the panel mntroid at the ocmter line of the tesb@g
maohine heads. &oumd stedL blodcs were suspended from the y?per
eorew of the maohine and were plaoed between the ends of the panel
and the heads of the testing maohine. A plaster oq was thsm east
betweem the end blook and the movable head of the testlng maohine at
a load of about 300 poundsg

After the plaster w had set the load was horeased to &bout
U&I pounds, the supporting Jig remove~ end edge gddes attaohed
(fig. 5). The edge guides eppro.timatedthe support of the sheet at
the strlngerta. They allowe$ the edge of the sheet to move freely In
its o= plane, but prevented lat&al disphomnents. Wtdls Of 00-
struotion of theeQ guides aro shown in figure g of refereno e 2.
Figuro 5 shows tho edge guides A and end hlooks B attaohed to a panel.

It will be noted that the spacing between the edge Widee end
the nearest stringer was only 2 inohes inetead of being equal to the
distanoe of 4 inohes between adJaoent stringers. This was due ‘toan
oversi@t in the fahioati on of the panols~ The roeulthg effeot on
the load oarried by the edge -s was taken into aooount In the
analysis of the dnta.

G- The method of suspending the tight of the panel, edgo guides,
and end blooks from the tap sorow of the testing maohine ie shown in
figure 4.

Strain moasuramnts. - TwcAve Ainoh Tuokerman etraim gages were
attaohod to the stringers of tho panel (fig. 5). Six of these gages
were attaohed direotly to the outstanding flanges. The remaining six
gages measured the strain on the stringer flange joined to the sheet
using the lever strain transfers dosoribed on page 4 of reference 3.

Stringer strains were measured with the Tuokcmean strain gages
exoept &ring buoklhg, Wch was sometimes violent enough to throw
the Tuokerman etraln gages out of adjustment. (See also ref=enoo 1.)
!ULOchange in strain Wring budzling was measured with two type AA
~ tire strain gages attaohed to eaoh etrlnger of the PSLTKOO
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Figure & shows the method of reading the Tuokermen strain gages,
and the strain indioator A and switoh B used for measurement of the
strain from the 12 wire t3ages9

Xlgure 6 shows the location of the strain gages on the stringer
~oes section. The strnln e at the oentrold of the stringer and
the strain c‘ at the point of contaot of tho sheet and the stringer
were mmput eii aa in rof-&mnoe
aseurption that the strain in
a stonae from *O sheet,

Buolmn&. - The budding

twisting of tho atrhgora we

1 from the m~ed atraina, on the -
tho atrhger vwried linearly WIW the

of the ehoet between atringera ma the
nOtOa by fre~ent visual inspection.

5e loa~ for buckllng-of the shoot between‘riveta waa take& aa tho
load at which pn.perO.O@+ inoh thiok cauld be slid between tho ahoet
and stringer mldwey botwoen rivots~

After mounting the panel in the testing machine, the strain was
m~eured for small incromonta in load. At a load of about 10 percent
of the oqoctsd m%dsum load tb measnred etrnina were compnred to
chook on the uniformity of load distribution. The atraina wero found
to acatt= leas than 10 percent from their averago value in every
caaco Loading waa thereforo continuod q to failure.

EmIL?s

Straina. - Tho loekstrain grtaphaue shown in flgurea 7 *O 12.
The atrlnger strains =e the strains C at the centroida of tho
atringors and tho sheet atr~ns are the atraina c‘ in the =treme
fiber of the atringor at the eurfaoe of contaot between stringer
and eheot●

The inorcanentaIn atrnin wero tskon from the Tuckerman gaga
reedinge, excqt in thoao oaaos where tho Tuokerman gages wore thrown
uut of djustment by sudden buoklhg of tho eheot; in euok cnaoa the
strain increments were tnken from readinga of the SE-4 tire stnsin
gngoa.

Buokling. - !&m atrnina for lnzcklingof tho ahoet nnd for
atringor instability aro given in te.ble3. A photograph of the
specimens after failuro ia shown in figure 13. h panela 1, 2, and
j the sheet Inmklod between atringora. The first indication of the
sheet buckling between etringora for pcncl 1 was at a load equal to
16 percent of tho maximum load and “thenumber of buoklos incroaaod



until a load eqnal to gg percent of the maximum vas reached~ In
p~~els 3 and 4 buckling between rivets took place at”the m~=imum
lo~.d. ‘l’hebuckles extended over an area including fcur stringers.
The strcins for lmckling (table 3) were obtained I)yextrapolation
of the load-strain curve for the sheet ~.tthe stringers involved,
Panels 5 and 6 buckled as a whole between edge guides. In panel 5
tine-entiresheet and all of the stringers buckled in a direction
away from the axis of curvature of the panel. This was followedhy
failure due to stringer instability. In panel 6 stringer instabili-
ty occurred first and was foliow~(l %y bucM.ing.of tk.e panel as a
whole; two stringers on each ~dge and tb.eiradjoining sheet area
buckled toward the center of curvature of the panel while the center
two stringers and their adjoining sheet area buckled awe from the—
center of curvature

3?ailttre. - !Chc
age stringer stress
type of failuxe.are

of the pazd,

ultimate load, ave~agc stress at failure, aver-
at failure, average sheet strain at failure, and
summarized in tal.lle4S

.4NkimIs

Buckling of sheet between stringers. .-I?igure 14 shows a dimen-
sionless plot of critical strain for buckling of the sheet between
stringers plottod against the ourvature for panels 1, 2, and 3 and
for panels 1, 3, “~and13 of rofercncc 1. Panels 1, 3, and 13 of ref~
erence 1 were nominally the sane as panels 1, 2, and 3 of the present
report except that they were 16 inches in widtk~ !i!hebuckling strains
for panels 1, 2, and 3 are from 10.4 percent smaller to 9 percent ~
l.zrgcrthan those for the correspondingpenels of reference 1. These
differences are considered to be witkin the experimental deviation
due to slight variations in curvs.ture. . .

Leggett~s curves, for critical stress (reference 4, fig, 1) axe
plotted in figure 1~1as curve A for clarped support zsndcurve B for
simple support for comparison wit% the observed data. The experi-
mental critical strains for the 2&iilch panels ?Ie from O to 55 per-
cent above LeggettIs values for simple support. Buckling loads
about h=al.fof those given here were reported by”Crate and Levin
(reference 5). The difference in buckling loads may %e ascri%ed to
differences in the edge rcstraintc The panels of references 5 end
6 differed from the present panels in having the sheet reinforced
by stringers only at t~lcedges aS Conpaed to the reinforcement by
stringers at six intermediate points for the present panels. The
.~ch greater stiffness at the edges of a sheet bay in the prosen%

..
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tests against traiisversedisplacenents
vould 1cad to hig??erIx@kling loads in

Buckling of sheet between rivets.—.

ifACAARR lTo.~}HOg

in the plane of the sheet
the present tests.

- T~.ble3 gives strains for
Inzcklingof the sheet between rivets of 0,0039 and 0.002g for panels
3,and 4, respectively. The strains for the correspondingpanels of’
smeller developed width (panels lJ and 15 of reference 1) were 0.0034
and 0*0032. ?acl 2 showed no indic~.tionof buckling of sheet hc-
tvecn rivets, vhile the corrcspondtngpanel of refcrenco 1 bucklc(l
2t ‘?strain of 0.0045. It was concluded that within the error of
measurement the increase in developed width of the panel from 16 to
24 inches kad no effect on the critical strain for bucld.ing%ctwecn
rivcts~

Sheet load against edge strain,- !i%eload co,rricdby the sheet
between stringers IES computed by subtracting the stringer loads and
the load carried by the two half-width edge beys fron the total load
~nd dividing %y 5, the nunber of internal sheet bays~ The stringer
load YES conputcd.from the stringer area, measured strain, and strir@-
er stress-strain curve, fiave 3. The load c~.rrieclbythe half-
width edge lays after buckling was cof.r-utedeither from M?.rgucrrets
formula (reference1, equation (14)) or from Wnzekts formula (rof-
crence 1, equation (15)) for simply suyported skeet, choosing tho
formula which gave the larger effect.ivewidth,

The loadP carried lq~the skeet between stringers is plo~tc~
in dimensionless for.n Pb/Et3 against edge strain ratio c~b /tb
in fi6-es 15 and 1.6~ The points are plotted solid for Et> 0.003
to show the effect of yielding of the rmierial. -Figure15 gives
the results for p~els 1, 3, j, and panel 1 of reference 1 having a
radius of curvature of 76.5 inck-cs,~y-afiGmre 16 gives the results
foryanels 2, ~, 6, &ndp?.nel 3 of reference 1 having a radius of
curvp,turcof 25.5 inchese

MarguerreJs formula (reference 1, equation (14)) for the ef-
fective width of flat sheet ~zithsimply supported ed.gcs,is plotted
in figures 15 and I-6for comparison with the measured loads. coEl-

P~~ison of the points with t~e :urve shows that the observed loads
were higher ~xcept when c%G/t’”q. In this r~,ngemost of the o’o-
served points check t~-ccurve. Those points for which yielding
started after @t = gO show a tendency to appro~ch Xargucrrets
curve for larger Values of the edge strain ratio ~l~’yt~m

Comparison of panel 1 of this reyort y.tithpanel 1 ofreferenoe
1, figure 15, and coqerison of panel 2 of this report withpanel 3

. .

.



of reference 1, figure I-6,shows that inci.easing the width of the
pcmcls from 16 iichcs (panels of reference 1) to 24 inches (pmnels
of present report) has a negligible effect on the load carried in
the elastic rccngce After yielding the agreencnt is still good for
figure 15 hut not good for figure 16. The spread in fibgrc 16 dtcr
yielding is probably due to the use of n noninal stress-strain curve
for the stringers in deteri.]ingthe stringer load. After yicldi.ng
tho error &e to using a nominal stress-strain cuavrewould be ,grc5.t-
est~ Since the sheet .%s only holf the area of the stringers, an
error in determining stringer load a-ypears magnified in the sheet
load.

The comparison shows, thereforo, that within the error of
neo.surement,increasing the developcxlwidth fron 16 to 24 inches
hr.sno effect on the load carried per skeet bay~

Buckling of panel as a whole between edge i~ides. - P%nels 5
and 6 began buckling as a whole between edge guides at strains of
0d2G30 and O.00~, respectively; while panel 18 (reference 1), ~flzich
had noninal.lythe sme dinensioilsas panel 5 except for F.sneller
developed width, shoved no indication of buckling between edge
~Tides ,andpanel 20 (reference 1), which YS.Snoninally the sane
dimensions as panel 6 cxccpt for a sneller developed width, %egan
buckling as a whole between eclge@dcs at a strain of 0.0050e

It follows that tkc increase in developed width of the p?.ncls
from 16 inches to 24 iilchesreduced the critical strain for buckling
of tho panels as a whole bctwccn edge .ggides~

A

Strength of panels. - The ncasurcd loads at failure ‘arcplotted
aGainst conputed lends in fi@r~ 17. !Ec co,mputcdloads were ob-
tained froa the nomogrcm for flat 24&T aluninun alloy panels, fig-
ure 56 of reference 2, assuming a stringer stress at failure of 39
ksi.. This value of stringor stress is an average for the flat pzuvels
of reference 2, which had stringers of the sane design as the stri:lg-
ers used in this reyort.

. . . ,
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Tigure 17 snows that tke neasurctiloads were from 10 percent
~~gher to 9 percent ~oVIert.&n t>.eloe,dscoaputed from thc nono&%i.1

in reference 2. !&hle 4 gives the -averagestresses at failure for
tho panels of reference l-of sinilar design to the panels of this
report, except for developed width. Conpsrison shows tlit tho
stresses at failure’forthe 2~!--inchpanels of this report were from
7 Percent lower to 6 percent :tighcrt~n~ithe stresses at failure
for the conpar?.ble16-inch panels. l’lit2i.nthe error of measure
nernt,the developed width of the panel had no effect on the average
stress at failurc~

National Bureau of Standards,
Washingto:l$D, C,, .~nst 8, 1944.
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Table 1. - Dimensions of Panels

‘ane1

1

2

3

4

5

6

Radius

A

76.5

2.5.5

76,5

25.5

76.5

25.5

Cross-
3ectional
area of
panel

(ln.2)

1.778

1● 750

3.61o

3.553

5.717

5.700

Av$rage
cross-

sectlonal
a?ga of
stringer

(ino2)

0.197

c ● 194

0.199

0.192

0 ● 194

0● 190

Lengkh
of
panel

-1
(in.)

11.97

11.9?

11.97

11.98

11.98

H .96

Developed
width
of

panel

6b
(In.)

24.05

24.02

24.07

24.10

24.09

24.16

Table 2. Tenalle and CompressivePropertlea of Sheet

!Iominal
thickness
>f sheet

3.025

.025

.100

.100

.188

,188

.Mrectlon

l::d

longitudinal

transverse

longitudinal

transverse

longitudinal

transverse

lo,ma “ 10,700

10,600 -.

10,400 10,500

10,300 --

10,400 10,500

10,500 --

Thickness
of
sheet

A
0.0248

0.0245

0.1003

0.0997

0.189

0.189

Rivet
spacing

ALL
0.50

0.50

1,30

1.50

1050

1.50

Tb/t I/t

161.

1!53●

39*9

40.1

21.2

21.2

48.3
I

42.0

44.1 I --
58.5 I 470’5

49,2
I

--

54.5 I 44.8

47.0 I --

20.2

20.4

15.0

15.0,

7.9

7*9

b2/Rt

8.44

25.60

2,09

6.29

1.11

3.32

Tensile
strength

kel

65.2

65.7

73*7

710”5

72.0

69.0



Table 3.- Strain for Buokling of Sheet and Instabilityof stringers

‘ane1

1

2

3

4

5

6
*1

.0004 I .-

.0008 I ---

.0027 I ,0039*

-- I .0028*

-LL-
trapolatedfrom load strain our

-- No buokling
Table 4.- Failure of Panels

Inst::ility

strlwer

.0041

.00375

.00325

.0033

.0035

.0034
~

‘anel

1

2

3

4

5

6

Maximum
load

&
5700

55.5

123.0

123.7

192.8

232,6

Stress
(average)

P/A
ksi

32.1

31.7

34.1

34.8

33*7

40.8

Stringer
stress

(average)
(extrapolated)

ksi

39.2

37.7

37.2

34.0

40.0

37.5

Sheet
strain
(average)

(extra$lated)

.00s4

.C050

.0045

.0032

.0029

.0043

I I
. n-. ”..-.. -- ‘k..-t.?- --4.4---- -4. *-A l..-A

Buckling of
panel as a
whole between
edge guides

--

--

--

--

.0030

.0040

P/A for
panel of
similar
design
width = 16U
(reference1

Type of
failure

31.0 stringer instability

30.0 stringer instability

32.9 stringer instability

34.7 stringer instabilit~

3604 stringer instability

40.7 Buckling between

ed~e guides.
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Figure 1.- Panel W stringer dimensions.
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MAW ARR NO. 4H08 Figs. 3,3

1~’ t- ~+r*,~ Figure Zl.- Strese-straincurves of
24S-T aluminum-alloy sheet

used in panels. Lt,tensionin direc-
tion of rolling; Lo. com-

40
pression In direction of
rolling; Tt, tenmion
transverse to direction of

30

.\

:

~- 20 A I
~
$

Q

/0 A

o
+ .W,1+

sfrc7/h

TOlli~.

Figure 3.- Oompreealve
etrees-9train

curvee of four-inch
lengths of Z-stringere;
A, family of etresa-strain
curvee for all the string-
ers; B,nominal stress--
strain curve ueed in com-
putation for all panele.
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Pigura7.- Teat of panel 1; radium, 76.6 inohos. (SR-4 ,WW used
alter 48 kipn. )
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rigure 8.- T@ of panel a; radius, 85.6 Inohes. (~ gage=
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?lgure 9.= Test of pand 3; radius, 76.5 Inches.
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Figure 10. - Test of panel 4; radiua, 25.5 .inchee.
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Figure 11. - Test of p~el 5; ,radius, 76.5 inchee,
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Figure 12. - Test of panel 6; radius, 25.5 inches. “P
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Figure 14. - Criticcl strain for buckling 01
sheet between etringera.
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NACAARR HO.~H08 Figm.16,17

ligure 16.- Load per ●heet bay agmnst edge ctrtin;radius,a5.5 inchee.
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